A growing body of evidence supports a role for glial-produced neuroimmune factors, including the cytokine IL-6, in CNS physiology and pathology. CNS expression of IL-6 has been documented in the normal CNS at low levels and at elevated levels in several neurodegenerative or psychiatric disease states as well as in CNS infection and injury. The altered CNS function associated with these conditions raises the possibility that IL-6 has neuronal or synaptic actions. Studies in in vitro and in vivo models confirmed this possibility and showed that IL-6 can regulate a number of important neuronal and synaptic functions including synaptic transmission and synaptic plasticity, an important cellular mechanism of memory and learning. Behavioral studies in animal models provided further evidence of an important role for IL-6 as a regulator of CNS pathways that are critical to cognitive function. This review summarizes studies that have lead to our current state of knowledge. In spite of the progress that has been made, there is a need for a greater understanding of the physiological and pathophysiological actions of IL-6 in the CNS, the mechanisms underlying these actions, conditions that induce production of IL-6 in the CNS and therapeutic strategies that could ameliorate or promote IL-6 actions.
Introduction
The cytokine IL-6 is a small signaling glycoprotein (21-30 kD; 212 amino acids with variable glycosylation sites) first identified and characterized as an important signaling molecule in the immune system. IL-6 was initially known as B cell stimulatory factor-2 based on its action to induced proliferation and differentiation of B cells Kishimoto, 2006; Nakajima et al., 1985) . In 1986, the cDNA encoding the human B cell stimulatory factor-2 was cloned and the similarity of the cDNA and protein structure to that of another immune factor with similar functional activities (i.e., interferon-β2) became apparent. This discovery led to the renaming of the two identical proteins IL-6, and the recognition that IL-6 is a pleiotropic cytokine with a diverse set of actions that vary depending on the target cell type (Yasukawa et al., 1987) . Further studies resulted in the cloning of an integral plasma membrane protein, the IL-6 receptor (IL-6R), at which IL-6 acts to produce biological effects (Yamasaki et al., 1988) . By the 1990's, studies of neurological disorders and CNS injury and disease (e.g., HIV infection) established that IL-6 and other immune factors were present in the CNS at elevated levels during these conditions (Benveniste, 1992; Zhao and Schwartz, 1998) . Research into the source of these immune factors eventually lead to the understanding that cells of the CNS, and in particular glial cells, produce immune factors and that glial cells serve as an innate immune system of the CNS that plays an important role in CNS physiological and pathology (Dong and Benveniste, 2001; Farina et al., 2007; Gruol and Nelson, 1997; Zhao and Schwartz, 1998) . Immune factors that originate within the CNS are now referred to as neuroimmune factors to distinguish them from immune factors produced by cells of the peripheral immune system as they transverse through the CNS. Experimental research, which has primarily focused on the hippocampal and cerebellar regions of the CNS, has now established that IL-6 produced within the CNS can regulate neuronal and synaptic function and behavior. These actions may play an important role in normal CNS function and in altered CNS function associated with certain CNS disorders.
CNS cells produce IL-6
Like other neuroimmune factors, CNS astrocytes are a primary source of IL-6 in the CNS (Choi et al., 2014; Dong and Benveniste, 2001; Farina et al., 2007; Nakamachi et al., 2012) . Microglia are also an important source of IL-6 in the CNS (Ye and Johnson, 1999) . Neurons can produce IL-6 under some conditions, particularly during CNS disease and injury or during strong neuronal activity (Arruda et al., 1998; Hans et al., 1999; Juttler et al., 2002; Ringheim et al., 1995; Sallmann et al., 2000) . A number of factors have been shown to induce IL-6 synthesis and release in astrocytes (Van Wagoner et al., 1999) , but considerably less is known about this process in neurons. Some factors such as IL-1β have been shown to induce both astrocytes and neurons to produce IL-6 (Aloisi et al., 1995; Bergamaschi et al., 2006; Norris et al., 1994; Ringheim et al., 1995; Tsakiri et al., 2008a) . Production of IL-6 typically involves synthesis and packaging in the endoplasmic reticulum with subsequent transferal to the Golgi apparatus for further processing and secretion. IL-6 processing and secretion in glial is thought to occur via a classical pathway involving sequestration of IL-6 into membrane-bound organelles that are transported to the cell membrane where fusion and exocytosis occurs (Stanley and Lacy, 2010) . It is unknown if the classical pathway is used by neurons. However, studies of cultured cortical neurons revealed a different pathway. In these studies strong neuronal stimulation induced IL-6 to be transported from the Golgi to synaptic terminals through an axonal transport system and released at or near the synapse (Tsakiri et al., 2008b) . IL-6 levels in the CNS are typically low under normal conditions, presumably due low levels of constitutive IL-6 expression by CNS cells. Stimulationinduced IL-6 expression by glia or neurons can significantly elevate levels of IL-6 in the CNS.
subunit, glycoprotein 130 (gp130) (Fig 1) . IL-6Rα, exist in two forms, a transmembrane bound form and a soluble form. The soluble form is generated by cleavage of the transmembrane form or by alternative splicing of the IL-6Rα mRNA (Lust et al., 1992; Mullberg et al., 1999; Rose-John et al., 2006) . Signaling through the membrane bound form is referred to as classic signaling, whereas signaling through the soluble form is called transsignaling. In classical signaling, when the membrane bound form of IL-6Rα is occupied by IL-6, the complex associates with two transmembrane-bound gp130 subunits to form a heterotrimer that then interacts with downstream signaling molecules to initiate a biological action, for example gene expression (Fig. 1A) . In trans-signaling, IL-6 and the soluble receptor bind in the extracellular fluids. The IL-6/IL-6Rα complex can then bind to the membrane bound gp130 subunits and initiate downstream signaling (Fig. 1B) . Because gp130 is widely expressed in the CNS (Watanabe et al.,1996) , trans-signaling enables cells that do not express membrane bound IL-6Rα to respond to IL-6. Studies show that transsignaling can play an important role in pathological actions of IL-6 (Burton and Johnson, 2012; Campbell et al., 2014; Garcia-Oscos et al., 2012) .
IL-6Rα mRNA and proteins are expressed in many CNS regions including the hippocampus and cerebellum (Dame and Juul, 2000; Gadient and Otten, 1994; Hampel et al., 2005; Morikawa et al., 2000; Schobitz et al., 1993) . Both neurons and glia of the CNS express IL-6Rα and gp130 (Ha and King, 2000; Hampel et al., 2005; Nelson et al., 1999; Vollenweider et al., 2003; Watanabe et al., 1996) . In the hippocampus, the distribution of IL-6Rα has been studied using immunohistochemistry. Labeling in glia was modest but neuronal labeling was prominent both in the perikaryon and outlining the apical dendrites, with dense labeling in pyramidal neurons as well as the granular neurons of the dentate gyrus (Vollenweider et al., 2003) . Studies on the subcellular distribution of IL-6R subunits in rat cerebral cortex showed that both IL-6Rα and gp130 are localized in pre-and postsynaptic membranes .
Several downstream signaling partners are associated with IL-6R activation (Fig. 1) . Formation of the IL-6/IL-6R/gp130 complex triggers activation (i.e., phosphorylation) of tyrosine kinases of the Janus kinase (JAK) family that are associated with gp130. Activated JAKs trigger a sequence of events that results in phosphorylated gp130, which recruits and activates (i.e., phosphorylates) the signal transducer and activator of transcription-3 (STAT3). In addition to activation of the STAT pathway, the RAS/mitogen-activated protein kinase (p44/42 MAPK, also called ERK1/2; MAPK) and phosphatidylinositol-3 kinase (PI3K) pathways can be activated by the IL-6/IL-6R/gp130 complex. JAK2 and STAT3 have been shown to be located within the postsynaptic density at hippocampal synapses (Murase and McKay, 2014; Murata et al., 2000; Nicolas et al., 2012) , while p44/42 MAPK is expressed in dendrites as well as the soma of hippocampal neurons (Dudek and Fields, 2001; Fiore et al., 1993) . Thus, IL-6R and associated signal transduction molecules are appropriately positioned to influence synaptic function.
other adverse CNS conditions, as well as in the normal CNS. Of importance to this reviewis the growing literature fromboth clinical and animal studies that shows that IL-6 is expressed at elevated levels during CNS conditions that are associated with altered cognitive function and behavior. This association suggests the potential for neuronal or synaptic actions of IL-6, a possibility that has been supported by research using animal or in vitro models, as will be described below. Here I will briefly summarize some of the clinical literature that demonstrated that CNS levels of IL-6 are elevated in disease states that are associated with altered cognitive function. In general, the goal of these clinical studies was to find a biomarker for a particular CNS disorder rather than to gain an understanding of the role of IL-6 in the disorder. However, for some CNS disorders correlative information is available and suggests a cause-effect relationship between cognitive function and IL-6 levels. It is important to note that for most CNS diseases, IL-6 is not the only neuroimmune (or immune) factor that is elevated in the CNS. In this review, the primarily focus is on IL-6 and the involvement of other neuroimmune factors is not discussed, although results for other proinflammatory cytokines are mentioned for some studies. It is also important to note that results from clinical studies and measured values of IL-6 (e.g., Table 1 ) are often inconsistent, a topic that is also not discussed in this brief summary of the clinical literature. The discrepancy between different clinical studies is presumably due to difference in the characteristics of the cohorts studied (e.g., age of the subjects, stage of the disease), the number of subjects studied, the methods used to measure neuroimmune factors or other experimental variables. More information on results from clinical studies is available in several recent reviews Hiles et al., 2012; Jones and Thomsen, 2013; Sparkman and Johnson, 2008; Trapero and Cauli, 2014; Wei et al., 2013) .
Measurement of IL-6 levels in clinical studies
While the most meaningful information about IL-6 levels in the CNS would likely come from measurements made in the interstitial space that bathes IL-6R on CNS cells or in the CNS parenchyma, these sites are not readily accessible in living patients. Therefore, in clinical studies, IL-6 levels are commonly measured in the cerebral spinal fluid (CSF) or blood of patients. IL-6 levels measured in the CSF are thought to reflect to some extent levels in the CNS parenchyma. Howclosely IL-6 levels in the CSF reflect actual levels of IL-6 in the parenchyma remains to be determined. Microdialysis studies in experimental animals during CNS injury (microdialysis probe implantation) suggest that IL-6 levels are significantly higher (~10 fold) in the CNS parenchyma (as measured in the dialysate) than in the CSF (Woodroofe et al., 1991) . However, in studies of patients with severe traumatic brain injury, IL-6 levels in the CSF and CNS parenchyma (as measured in the dialysate) were similar (Roberts et al., 2013) . The difference in results between these two studies may relate to the CNS region under study and/or the extent of CNS damage.
The relevance of blood levels of IL-6 to CNS function may appear to be remote, but blood levels can serve as a source for IL-6 in the CNS, especially under conditions of a leaky blood-brain barrier (Erickson et al., 2012) . Moreover, a transport system for cytokines has been described in the blood-brain barrier that could account for transport of systemic IL-6 into the CNS (Threlkeld et al., 2010) . Alternatively, the CNS may be a source for IL-6 in the blood (Terreni and De Simoni, 1998) . Based on the ease of obtaining blood samples, in many clinical studies this compartment has been used to characterize disease associated IL-6 levels. However, the significance of blood measurements relative to disease symptoms is often elusive. Moreover, the cause and consequences of increased levels of IL-6 in the different body compartments (CNS, CSF or blood) remain to be fully elucidated. Also, in many studies mRNA levels rather than protein levels were measure. While an understanding of mRNA levels is important, mRNA levels do not always correlate with protein levels and proteins are the form that interacts with the receptor to produce a biological action. More information is needed before an understanding of the biological significance of the measured levels of IL-6 mRNA and protein in the different body compartments can be achieved. Some representative examples of measured levels of IL-6 protein in different body compartments are shown in Table 1 .
CNS conditions associated with elevated levels of IL-6
A number of studies have reported elevated levels (protein or mRNA) of IL-6 and other neuroimmune factors in the CNS, CSF or blood from patients with Alzheimer's disease, a disease characterized by dementia, memory loss and other cognitive problems (Bermejo et al., 2008; Cojocaru et al., 2011; Hampel et al., 2005; Huell et al., 1995; Luterman et al., 2000; Strauss et al., 1992; Swardfager et al., 2010; Trapero and Cauli, 2014; Wood et al., 1993) . For example, in a recent meta-analysis the authors concluded that significantly higher concentrations of IL-6, TNF-α, and IL-1 β occurred in the peripheral blood of Alzheimer's patients but not in the CSF as compared with control subjects (Swardfager et al., 2010) . Attempts to correlate blood or CSF levels of IL-6 with the degree of CNS function in Alzheimer's patient have produced inconsistent results. However, in a correlative study the severity of dementia in subjects with Alzheimer's disease correlated with levels of IL-6 mRNA in the CNS (Luterman et al., 2000) . In these studies, the cognitive and functional status of Alzheimer's patients (78-88 years of age at death) was assessed during the last 6 months of life. IL-6 mRNA levels were measured postmortem in the entorhinal cortex, superior temporal gyrus, and occipital cortex. Patients showing severe/terminal dementia had significantly elevated IL-6 mRNA levels in the entorhinal cortex and superior temporal gyrus but not in the occipital cortex as compared with cognitively normal subjects. IL-6 mRNA levels were not elevated in these brain regions in patients showing less severe cognitive and functional status. mRNA levels for IL-1β and TGF-β1 were also assessed in these studies (Luterman et al., 2000) . Results for TGF-β1 mRNA were similar to results for IL-6 mRNA, whereas IL-1β mRNA levels were very low in the three brain regions studied and showed no correlation with the severity of Alzheimer's dementia (Luterman et al., 2000) . These results suggest a complex association between CNS levels of IL-6 and Alzheimer's disease, a situation that is likely to apply to other CNS diseases associated with elevated levels of IL-6 in the CNS.
Increased levels of IL-6 mRNA in the CNS were also observed in other diseases characterized by cognitive decline or dementia including Lewy body disease and vascular dementia. Brains of postmortem patients (65-79 yrs old) with Lewy body disease showed higher levels of IL-6 mRNA in the three brain regions studied (hippocampus, putman and cingulate cortex) compared to brains of control subjects (Imamura et al., 2005) . In the same study, mRNA levels for IL-1β were decreased in the hippocampus, increased in the cingulate cortex but showed no change in the putman, whereas mRNA levels for TNF-α were increased in the putman but not in the hippocampus or cingulate cortex (Imamura et al., 2005) . CSF from patients (74.5 ± 4.5 yrs old; all ages are expressed as mean ± SD unless noted) with dementia associated with vascular disease showed higher IL-6 levels (5.67 ± 1.7 pg/ml, mean ± SEM) than patients (70.0 ± 6.2 yrs old) with vascular disease without dementia (IL-6 = 2.15 ± 0.38 pg/ml, mean ± SEM) (Wada-Isoe et al., 2004) . In studies of subjects with vascular dementia (mean age ~80 yrs old), plasma levels of IL-6 (range 1.95-6.98 pg/ml) correlated inversely with functional status of the subject, as measured by the ability of the subject to carry out daily activities (e.g., autonomy in dressing and bathing), whereas plasma levels of IL-1β (range 0.29-1.95 pg/ml), TNF-α (range 8.06-18.5 pg/ml), .0 pg/ml) and TGF-β (range 15.9-48.2 ng/ml) did not correlate with functional status (Zuliani et al., 2007) .
In addition to disease states, elevated levels of IL-6 in the blood have been found to correlate with poorer cognitive performance in normal subjects (Marsland et al., 2006; Wright et al., 2006) and in subjects showing age-related cognitive decline (Economos et al., 2013; Lekander et al., 2011; Yaffe et al., 2003) . For example, studies of middle-aged adults (30-54 years old) revealed an inverse relationship between plasma levels of IL-6 (1.8 ± 1.6 pg/ml; unless noted all concentrations are mean ± SD) and tests scores for working memory and executive function (Marsland et al., 2006) . In another study involving a racially an ethnically diverse cohort (mean age 66.8 yrs old), serum IL-6 levels (1.4 ± 1.2 pg/ml) were negatively associated with performance on a standard test of mental function (Mini-Mental Test) (Wright et al., 2006) . IL-6 has also been shown to play an important role in the regulation of sleep architecture and certain sleep-related memory functions (e.g., sleepdependent memory consolidation), which can be disrupted by abnormal levels of IL-6 in the CNS (Benedict et al., 2009; Dimitrov et al., 2006; Heffner et al., 2012; Hong et al., 2005; Irwin et al., 2004) .
Studies also show a link between IL-6 and psychiatric disorders such as depression and other mood disorders. Clinical depression is a chronic, recurring illness characterized by impaired CNS function including cognitive difficulties, memory loss and a variable cluster of additional symptoms (e.g., depressed mood, sleep problems, loss of interest in activities). Sickness behavior, which is mediated by proinflammatory cytokines including IL-6, has many features in commonwith depression, although sickness behavior and depression are not identical and each has distinctive features (Dunn et al., 2005) .
In a study of patients (39 ± 14 yrs old) with major depressive disorders that attempted suicide, IL-6 levels in the CSF (3.76 ± 2.65 pg/ml, mean ± SEM) were significantly higher than in the CSF (0.64 ± 0.09 pg/ml, mean ± SEM) of control subjects (37 ± 20 yrs old) with no ongoing psychiatric condition (Lindqvist et al., 2009 ). In the same study, no significant difference between suicide attempters and controlswas observed for CSF levels of IL-1β (0.08 ± 0.01 pg/ml vs. 0.07 ± 0.01 pg/ml, mean ± SEM, suicide attempters vs. controls) and TNF-α(0.15 ± 0.01 pg/ml vs. 0.13 ± 0.01 pg/ml, mean ± SEM, suicide attempters vs. controls) (Lindqvist et al., 2009) . Increased levels of IL-6 and TNF-α were also observed in plasma of suicide attempters (39.3 ± 15.0 yrs old) and were higher than in plasma of nonsuicidal depressed patients (33.8 ± 10.9 yrs old) and healthy controls (34.9 ± 11.5 yrs old) (Janelidze et al., 2011) . Postmortem studies of the prefrontal cortex of young suicide victims (age range = 12-20 yrs old) revealed elevated levels of IL-6, IL-1β and TNF-α mRNA and protein in the suicide victims compared with controls (Pandey et al., 2012) . In depressed and healthy elderly adults (mean age ~69 yrs old), memory performance was negatively associated with serum IL-6 levels (Elderkin- Thompson et al., 2012) .
In a study of patients with major depressive disorders (42.7 ± 8.2 yrs old) or schizophrenia (40.8 ± 8.8 yrs old), IL-6 levels in the CSF were significantly higher for both conditions than in healthy controls (41.3 ± 16.4 yrs old) (Sasayama et al., 2013) . In the same study, there was no significant difference in serum levels of IL-6 between patients with major depressive disorders or schizophrenia and healthy controls (Sasayama et al., 2013) . Patients with systemic lupus erythematosus (SLE) with psychiatric manifestations showed higher IL-6 levels in the CSF than SLE patients without psychiatric manifestations (Fragoso-Loyo et al., 2007; Hirohata and Miyamoto, 1990; Trysberg et al., 2000) . For example, in SLE patients (30.5 ± 11.5 yrs old) with neuropsychiatric manifestations, the median IL-6 levels in the CSF was 32 pg/ml compared to a median IL-6 level of 3 pg/ml with SLE patients without neuropsychiatric manifestations (Fragoso-Loyo et al., 2007) . A similar ~10 fold increase in IL-6 levels in the CSF of SLE patients with neuropsychiatric manifestations was reported in another study (Trysberg et al., 2000) . SLE is an autoimmune disease of unknown etiology that results in abnormal CNS function including impaired working memory, executive dysfunction, overall cognitive slowing and decreased attention (Rheumatology, 1999) . Elevated levels of IL-6 were also found in the CNS, CSF and blood of autistic subjects (Masi and Quintana, 2014; Wei et al., 2012 Wei et al., , 2011 . Interestingly, autistic subjects with intellectual disability showed a higher prevalence for epilepsy than the general population (Woolfenden et al., 2012) . Elevated levels of IL-6 are proposed to be a contributor to seizure predisposition, occurrence and seizure-related brain injury (Lorigados Pedre et al., 2013) . Moreover, elevated levels of IL-6 in the CNS and blood are produced by seizure activity (Bauer et al., 2009; Lehtimaki et al., 2004; Mao et al., 2013; Peltola et al., 1998; Yu et al., 2012) . Taken together, these clinical studies demonstrate that elevated levels of IL-6 occur in the CNS in a variety of CNS disorders associated with altered CNS function. This association suggests a potential role for IL-6 as a regulator of CNS function. This possibility has been pursued in experimental models that have confirmed an association between elevated CNS levels of IL-6 and altered behavior and have begun to identify the synaptic, cellular and molecular mechanisms underlying these actions.
Animal studies provide evidence of role for IL-6 in behavior
Results from studies in animal models support the idea that CNS produced IL-6 can impact CNS function and consequently behavior. Importantly, a number of animal studies have shown that IL-6 can alter cognitive functions such as memory and learning. For example, studies in rats showed that bilateral intrahippocampal injection of IL-6 (16 and 80 ng IL-6) resulted in impaired performance in a behavioral learning task (avoidance learning) measured 8 days after IL-6 injection, while a lower dose (3.2 ng IL-6) was ineffective (Ma and Zhu, 1997) . Similarly, deficits in avoidance learning were observed in homozygous and hemizygous transgenic mice (GFAP-IL-6 mice) that persistently express elevated levels of IL-6 in the CNS through increased astrocyte expression as compared to non-transgenic littermate controls (Heyser et al., 1997) . In these studies, the behavioral deficits showed ageand dose-dependency in that homozygous mice exhibited deficits at a younger age than the hemizygous mice. Progressive synaptic damage and loss of inhibitory interneurons were also noted in these studies and also showed a similar age-and dose-dependency (Heyser et al., 1997) . Interestingly, impaired learning in behavioral tests (Morris water maze, novel object recognition test, force swim test) was also observed in IL-6 knockout mice compared with control mice (Baier et al., 2009) . Thus, both an excess and deficit of IL-6 can impact cognitive function. A role for IL-6 in cognitive function was also demonstrated by chronic intracerebroventricular administration of a neutralizing anti-IL-6 antibody. Administration of the anti-IL-6 antibody resulted in a cognitive deficit as measured by a behavioral test for reversal learning in rats (Donegan et al., 2014) . In the same study, a deficit in reversal learning produced by chronic stress was reversed by elevating IL-6 in the rat orbitofrontal cortex using adeno-associated virus-mediated gene delivery (Donegan et al., 2014) . Immunohistochemical studies showed that the virus was located in neurons of the orbitofrontal cortex (Donegan et al., 2014) . Thus, it appears that both neuronal and glial produced IL-6 can play a regulatory role in cognitive function. Other factors besides cell source such as brain region, cognitive task, IL-6 dose and conditions of exposure are also likely to be important factors in the effects of IL-6 on cognitive function.
Mouse models of specific disease states have also provided evidence for a role for IL-6 in cognitive function. Studies in a transgenic mouse model of Alzheimer's disease (Tg2576) with overexpression of human APP with the Swedish double mutation (APPsw) revealed age-dependent impaired cognitive function in certain behavior tests (reversal of the compound discrimination, Y-maze alternation, visible platform tasks) as compared to control mice, although no significant difference was observed in several other behavioral tests (e.g., Morris water maze, avoidance tasks) (King and Arendash, 2002; Zhuo et al., 2007) . Significantly higher levels of IL-6 mRNA were observed in the cerebral cortex, hippocampus and cerebellum of the APPsw mice (4 and/or 18 months of age) as compared to wildtype mice, whereas no significant difference in the levels of IL-1β were detected (Tehranian et al., 2001) . The increase levels of IL-6 were observed at ages that preceded plaque formation, suggesting that IL-6may play a role in the early stages of the disease (Tehranian et al., 2001) . Increased CNS levels of IL-6 mRNA and protein were also shown to occur with normal aging in mice Johnson, 1999, 2001) . Aging is associated with a decline in general cognitive abilities in mice as well as humans (Matzel et al., 2008; Salthouse, 2010) . For example, IL-6 protein levels in the brain of mice increased from ~40 pg/mg protein at 1month of age to ~80 pg/mg protein at 24 months of age (Ye and Johnson, 2001) .
In a mouse model of metabolic syndrome (db/db mice), increased anxiety-like behaviors (open field and elevated maze tests) and impaired spatial working memory (special recognition test) were associated with elevated levels of mRNA for IL-6, IL-1β and TNF-α in the hippocampus (Dinel et al., 2011) . Increased IL-6 protein levels in the plasma were also observed in the db/db mice, whereas there was no difference in plasma levels for IL-1β and TNF-α (Dinel et al., 2011) . Metabolic syndrome is characterized in humans by a prevalence of mood symptoms and cognitive dysfunction (Dinel et al., 2011; Taylor and MacQueen, 2007) . In a strain of mice that carries the main gene for catalepsy and shows spatial learning deficit in the Morris water maze, the level of IL-6 mRNA was significant higher in the hippocampus and cortex compared to a strain of mice that is catalepsy resistant (Kulikov et al., 2014) . Sleep disturbance in mice result in impaired learning and memory, an effect associated with elevated IL-6 levels in the hippocampus but not the cortex (Zhu et al., 2012) .
Experimental evidence also exists for a role for IL-6 in depression. In lpr/lpr mice, a mouse model of SLE, a depressive-like phenotype was observed in the forced swim and tail suspension tests and the depressive-like behaviors were shown to be associated with increased levels of IL-6 protein in the hippocampus and prefrontal cortex (Sukoff Rizzo et al., 2012) . Increased levels of IL-6 and IL-1β mRNA were observed in the hippocampus and cerebellum of the lpr/lpr mice and correlated with behavioral dysfunction (Tomita et al., 2001a (Tomita et al., , 2001b . Mice with colon carcinoma cell-induced peripheral tumor showed memory impairment and depression-like behavior in behavioral tests (open field test, tail suspension test and object recognition memory test) and these behaviors were associated with increased levels of IL-6 mRNA in the hippocampus (Yang et al., 2014) . Mice subjected to prolonged light deprivation, a paradigm that results in depressive-like behaviors, showed elevated levels of IL-6 in the plasma and in hippocampal tissue (Monje et al., 2011) . Mice subjected to psychological stress (foot shock), another paradigm that results in depressive-like behaviors, showed elevated levels of IL-6 mRNA in the hippocampus (Chourbaji et al., 2006 ).
An association of IL-6 with a depressive phenotype was also demonstrated in studies where IL-6 was injected into the CNS. For example, several days' treatment of rats with IL-6 (10-40 ng) by injection into specific brain regions (amygdala or hippocampus) resulted in decreased performance in behavioral tests (e.g., forced swim test), consistent with a depression-like behavior (Wu and Lin, 2008) . Similarly, intracerebroventricular administration of IL-6 (500-1000 ng, 2 h pretreatment) produced depressive-like phenotypes in mice as determined by behavioral tests (forced swim, tail suspension) (Sukoff Rizzo et al., 2012) . In agreement with these results, IL-6 knockout mice exhibited reduced depressionlike behavior (e.g., forced swimming, tail suspension tests) compared with wildtype mice (Chourbaji et al., 2006) . Depression is commonly comorbid with epilepsy (Pineda et al., 2010) , a condition that can significantly affect CNS function and is also associated with increased CNS levels of IL-6 Vezzani et al., 2008) . Intracerebroventricular injection of IL-6 (2500 U/kg) induces seizures in rats (Xiaoqin et al., 2005) and has a proconvulsive effect in the CNS when applied intranasally (400 ng/40 μl) shortly before experimentally induced seizures in rats (Kalueff et al., 2004) . Transgenic mice (GFAP-IL-6 mice) that persistently express elevated levels of IL-6 in the CNS show spontaneous seizures and decreased threshold for induced seizures (Campbell et al., 1993; Samland et al., 2003; Steffensen et al., 1994) .
The demonstration that IL-6 is associated with specific CNS conditions or behaviors is an important step toward an understanding the roles played by IL-6 in CNS physiology or pathology. Evidence linking IL-6R activation and behavior is also important, but few studies have addressed this issue. Studies have appeared that show that signal transduction molecules used by IL-6R, including JAK2, STAT3 and p44/42 MAPK, are involved in functions that are altered in neuropsychiatric or neurologic disorders, lending support to the idea that IL-6R signaling may have a role in these disorders. For example, application of a JAK2 inhibitor (i.c.v.) reduced the levels of activated STAT3 (pSTAT3) in mouse hippocampal neurons and impaired memory in a hippocampal-dependent behavior (Chiba et al., 2009 ). Antagonism of JAK2 also caused memory impairment in an animal model of Alzheimer's disease (Chiba et al., 2009) . In other studies, injection of IL-6 into the hippocampus of rats increased p44/42 MAPK activation and resulted in poorer performance in a test for depression-like behavior (i.e., force swim test) (Wu and Lin, 2008) . Kainic acid induced seizures resulted in activation of STAT3 in astrocytes and p42/44 MAPK in neurons and astrocytes of the hippocampus (Choi et al., 2003) .
Studies in vivo and vitro have established that IL-6 has neuronal and synaptic actions
The presence of IL-6 in the brain, the elevated levels of IL-6 during disease states associated with altered cognitive function, and the demonstration that neurons express IL-6R are consistent with the idea that IL-6 has neuronal and synaptic actions. Recent in vivo and in vitro studies in experimental models using exogenous application of IL-6 or manipulation of endogenous levels of IL-6 support this possibility.
Studies using exogenous application of IL-6 typically employ recombinant forms of IL-6 at concentrations ranging from 0.01 ng/ml to 200 ng/ml, where the lower levels are considered to be more physiological and the higher levels are considered to be relevant to pathological conditions. Consistent with this idea, in a study thought to be reflective of a physiological process, the mean IL-6 level in the striatum of mice measured by microdialysis was approximately 30 pg/ml at 240 min after IL-6 release from astrocytes was initiated by application of an adenosine receptor agonist (Vazquez et al., 2008) . In contrast, a mean value of 5.0 ng/ml was measured by microdialysis in patients with traumatic brain injury, consistent with high levels of IL-6 during pathological conditions (Roberts et al., 2013) . Issues that are pertinent to interpretation of results from studies using exogenous application include the species of the IL-6 tested, IL-6 concentration, the ability of IL-6 to penetrate into the tissue, potential non-specific binding of IL-6 to non-receptor sites, and actions at sites not normally involved in pathological or physiological actions.
Studies using manipulation of endogenous levels of IL-6 involved two types of approaches: (a) the use of transgenic models or (b) viral induction of IL-6 gene expression in CNS cells. Issues that are pertinent to interpretation of results from these types of studies include the identity of the cell type expressing IL-6, the concentration of IL-6 produced, and actions at sites not normally involved in pathological or physiological actions. Studies using exogenous application and manipulation of the levels of endogenous of IL-6 have been instrumental in identifying CNS targets of IL-6 that could play an important role in regulating synaptic function under physiological or pathological conditions.
Effects of acute (min to hrs) exposure to IL-6 on neuronal and synaptic function
Studies by D'arcangelo et al. using acutely isolate nerve terminals (i.e., a synaptosomal preparation) prepared from rat neocortex showed that IL-6 exposure (15 min; 50-200 ng/ml IL-6) produced a dose-dependent reduction in the ability of pharmacological stimulation to evoke glutamate release. These results indicate that IL-6 can act presynaptically to inhibit transmitter release. In parallel studies in a more intact preparation, acutely isolated slices of somatosensory cortex, experiments using imaging and electrophysiological (field potential recordings) techniques showed that synaptic responses evoked by electrical stimulation of afferent pathways were reduced by IL-6 exposure (0.5-1 ng/ml), consistent with an inhibitory effect of IL-6 on synaptic transmission (D' Arcangelo et al., 2000) . To provide evidence for the involvement of IL-6R in the inhibitory effects of IL-6, the slices used in the imaging and electrophysiological experiments were assayed by Western blot using antibodies specific for the active form (i.e., phosphorylated) of signal transduction molecules linked to IL-6R. These studies showed that the inhibitory effects of IL-6 were associated with activation of STAT3, inhibition of MAPK/ERK and no apparent effects on SAPK/JNK (D' Arcangelo et al., 2000) . The cell-permeant tyrosine kinase inhibitor LavA blocked the inhibitory effects of IL-6 on synaptic transmission in imaging studies, consistent with an involvement of the JAK/STAT pathway in the inhibitory effects of IL-6 on synaptic transmission . Additional studies showed that the phosphorylation state of synapsin 1 at the MAPK/ERK sites was decreased by IL-6 exposure in the nerve terminal preparation, providing evidence for the involvement of IL-6R in the presynaptic effects of IL-6 (D' Arcangelo et al., 2000) . Synapsin 1 is a presynaptic protein that plays a critical role in transmitter release. Therefore, the decreased phosphorylation of synapsin 1 correlated with the IL-6 reduction of glutamate release from the nerve terminals.
An effect of IL-6 on afferent sensory transmission to the somatosensory cortex of rats measured by electrophysiological recording of evoked action potentials (i.e., single unit activity) has also been reported. In these in vivo studies, topical application of IL-6 (0.01-1 pg/10 μl saline) to the cortex produced an inhibition of the short latency component and a facilitation of the long latency component of the single unit response elicited by sensory stimulation (Shin et al., 1997) . The short latency component is thought to represent sensory pathways involving a few synapses, whereas the long latency component is thought to reflect other pathways and/or processed activity (Shin et al., 1997) .
In contrast to these results from somatosensory cortex, exogenous application of IL-6 (1-50 ng/ml, 10-20 min) to acutely isolated rat hippocampal slices did not alter excitatory synaptic transmission at the Schaffer collateral to CA1 pyramidal neuron synapse in electrophysiological studies (field potential recordings) (Li et al., 1997; Tancredi et al., 2000) . Excitatory synaptic transmissionwas also unaltered by exogenous application of IL-6 (10 ng/mL) in acutely isolated slices from temporal cortex . However, in the study of cortical slices, IL-6 exposure produced a reduction in inhibitory synaptic transmission, an action that was identified to occur postsynaptically and to involve a decrease in GABA receptor expression in the plasma membrane due to receptor internalization (Garcia-Oscos et al., 2012).
Effects of chronic exposure to IL-6 on neuronal and synaptic function
In many CNS conditions, neuronal exposure to IL-6 occurs for a prolonged period (days to years) and results in neuroadaptive changes that persistently alter neuronal and synaptic function. Three experimental systems have been used to investigate such neuroadaptive effects of IL-6, culture preparations, transgenic mice that express elevated levels of IL-6 in the CNS, and viral induction of IL-6 gene expression in CNS cells. In culture preparations, chronic exogenous exposure typically involves addition of IL-6 to the culture medium at known concentrations. In transgenic mouse models and with viral induction of IL-6 gene expression, manipulation of neuronal or glial IL-6 gene expression is used to produce persistently elevated levels of IL-6 in specific cell types in the CNS.
Effects of chronic exposure to IL-6 on cerebellar neurons in culture-
Chronic exposure of cultured cerebellar granule neurons (excitatory neurons that use glutamate as a transmitter) to IL-6 in the culture medium (5 ng/ml; 6-12 days) resulted in a significantly larger response to brief application of the glutamate receptor agonist NMDA than observed in granule neurons in control cultures (Qiu et al., 1995 (Qiu et al., , 1998 . Acute exposure to IL-6 did not produce a similar enhancement. Western blot analysis of protein expression in the granule neuron cultures revealed a significant decrease in expression of synapsin I, a presynaptic protein used as a marker for synapses, in cultures chronically exposed to IL-6 (5 ng/ml; 6-12 days) compared with control cultures, suggesting that chronic exposure to IL-6 produces a reduction in synapses (Conroy et al., 2004) . In contrast, when a viral expression approach was used to induce cultured granule neurons to produce IL-6 at elevated levels, IL-6 expression resulted in increased immunostaining for two presynaptic proteins, synaptophysin, a general marker for synapses, and VGLUT1 (vesicular glutamate transporter), a presynaptic marker for excitatory synapses that use glutamate as a transmitter. There was no difference in the levels of immunoreactivity for VGAT (vesicular GABA transporter), a marker of inhibitory synapses, in IL-6 infected granule neuron cultures compared with control cultures (Wei et al., 2011) . These results suggest that persistent neuronal expression of IL-6 can promote excitatory synapse formation. The apparent difference in the effects of IL-6 on synapse formation between the two studies of cultured granule neurons, one indicating reduced synapses and the second indicating increased synapses, could be due to the source of IL-6 (i.e., neuronal vs. the culture medium), the concentration of IL-6 that the cells experience (unknown for the virally induced IL-6 expression), and/or the cellular region exposed to IL-6.
Studies of Purkinje neurons in cerebellar cultures chronically exposed to IL-6 in the culturemedium(1-10 ng/ml, 8-21 days) also revealed actions of IL-6 on neuronal function. In these studies, opposing, concentration-dependent actions of IL-6 were identified. Chronic exposure to IL-6 at a low concentration (1 ng/ml) enhanced Purkinje neurons spike firing, whereas chronic exposure to a higher concentration of IL-6 (10 ng/m) resulted in an inhibition of spike firing (Nelson et al., 2002) . Chronic exposure to IL-6 also elevated resting Ca 2+ levels, increased the magnitude of intracellular Ca 2+ signals evoked by activation of group I metabotropic glutamate receptors, enhance Ca 2+ signaling induced by excitatory transmitters and membrane depolarization in the cultured Purkinje neurons (Nelson et al., 2004 (Nelson et al., , 2002 . All of these effects of IL-6 could significantly alter synaptic transmission involving the Purkinje neurons.
Effects of chronic exposure to IL-6 on hippocampal neurons in culture-
Evidence for neuroadaptive effects of chronic IL-6 exposure on synaptic function was also demonstrated in cultures of hippocampal neurons chronically exposed to IL-6 in the culture medium. In theses studies, the enhancement of spontaneous synaptic network activity induced by reducing the concentration of Mg 2+ in the bath saline, which removes the Mg 2+ block of NMDA receptors, was significantly larger In IL-6 treated cultures (5 ng / mL, 4-16 days) compared to control cultures (Vereyken et al., 2007) . In addition, Group II metabotropic receptor (mGluR2/3) ligands were less effective as modulators of synaptic network activity in IL-6-treated hippocampal cultures than in control cultures. The reduced action of mGluR2/3 ligands correlated with a reduced level of mGluR2/3 measured inWestern blots of the IL-6 treated cultures compared with control cultures. mGluR2/3s are expressed on presynaptic and postsynaptic terminals and on glial cells in the hippocampus (Petralia et al., 1996) . In contrast, the differential effect of mGluR2/3 ligands on synaptic network activity between IL-6 treated vs. control cultures was not observed when spontaneous synaptic activity was enhanced by addition of GABAA receptor antagonist picrotoxin to the recording saline (normal levels of Mg 2+ ) to block inhibitory synaptic transmission. These results imply a role for inhibitory interneurons in the actions of chronic IL-6 on hippocampal synaptic network activity (Vereyken et al., 2007) .
6.2.3.
Transgenic models of IL-6 exposure-Although studies using culture models have made significant contributions to an understanding of the neuronal and synaptic actions of IL-6, animal models have several important advantages over culture models for studies of synaptic function. Importantly, in animal models the cellular and synaptic organization is more reflective of the normal in vivo conditions than is possible with culture preparations. In addition, depending on the model, the source of IL-6 can be more localized and physiologically or pathologically relevant. Also, adult animals can be studied, whereas cultures are typically prepared from immature CNS tissue, and behavioral studies can be pursued with animal models. Two transgenic mouse models have been developed to investigate the effects of chronic, endogenously produced elevated levels of IL-6 on CNS function, one in which elevated levels of IL-6 are produced in the CNS by astrocytes (GFAP-IL-6 mice) (Campbell et al., 1993) and the second in which elevated levels of IL-6 are produced in the CNS by neuronal expression (Fattori et al., 1995) . In the first model, elevated IL-6 production was targeted to astrocytes using a murine IL-6 expression vector derived from the murine glial fibrillary acidic protein (GFAP) gene. Several GFAP-IL-6 lines were developed that express different levels of IL-6 in the CNS. Homozygous and heterozygous GFAP-IL-6 mice also express different levels of IL-6 in the CNS. In the second model, neuronal expression of IL-6 was accomplished by use of a human IL-6 gene expression vector targeted to the neurons using the rat neuron-specific enolase promoter (NSE-IL-6 mice).
The GFAP-IL-6 mice exhibit progressive anatomical, physiological, and behavioral abnormalities (e.g., seizures, ataxia), particularly in the hippocampus and cerebellum, that become evident around 6 months of age and prominent at 12 months of age in the heterozygote and earlier in the homozygote (3-6 months of age) (Campbell, 1998; Heyser et al., 1997) . In contrast, the NSE-IL-6 mice show little or no CNS pathology, although they do express elevated levels of GFAP in the CNS, as do the GFAP-IL-6 mice (Fattori et al., 1995) . These differences between the GFAP-IL-6 and NSE-IL-6 mice suggest that astrocyte and neuronal expression of IL-6 serve different physiological/pathological roles. However, concentration of IL-6 in the CNS of the transgenic mice could also be a factor. Surprisingly, the mean IL-6 concentration in the supernatant of brain slice cultures prepared from the NSE-IL-6 mice was 6.3 ± 0.8 ng/ml (mean ± SD; 24 h collection period) (Fattori et al., 1995) , considerably higher than 150 pg/ml and 310 pg/ml (collection period not given), measured in supernatants from astrocyte cultures prepared from brains of G167 heterozygous and G167 homozygous GFAP-IL-6 mice, respectively (Campbell et al., 1993) . The reason for these differences and the potential biological significance remain to be determined.
As will be described below, several studies have examined synaptic transmission in the GFAP-IL-6 mice to identify potential consequences of astrocyte produced IL-6 on synaptic function. Astrocytes are an essential partner of neurons in synaptic transmission, are in close association with synapses and dynamically interact with neurons to regulate synaptic function (Ben Achour et al., 2010; Halassa et al., 2007; Pannasch and Rouach, 2013) . Therefore, astrocyte produced IL-6 would be well situated to produce synaptic actions. Although the effects of neuronal produced IL-6 are also of interest, no comparable studies of synaptic function have appeared for the NSE-IL-6 mice.
Synaptic transmission in the GFAP
-IL-6 cerebellum-The cerebellum shows the highest level of expression of IL-6 in the CNS of the GFAP-IL-6 mice and also the most pathology (Campbell et al., 1993) . Studies of Purkinje neurons in acutely isolated slices of cerebellum from heterozygous mice from the G369 line, which expresses high levels of IL-6, exhibited a number of abnormalities in extracellular single unit recordings, indicative of IL-6-induced neuroadaptive changes. Firing rate of spontaneously active Purkinje neurons was significantly reduced in the transgenic cerebellar slices and an oscillatory pattern of spontaneous firing was more prevalent than in non-transgenic control cerebellar slices (Nelson et al., 1999) . The reduced firing rate of Purkinje neurons in the transgenic cerebellum is consistent with the reduced firing rate of cultured Purkinje neurons exposed to a high concentration of IL-6 (10 ng/ml) in the culture medium noted above (Nelson et al., 2002) . Excitatory synaptic responses (i.e., complex spikes) produced by stimulation of climbing fiber afferents were similar in Purkinje neurons of GFAP-IL-6 and non-transgenic cerebellar slices. However, the inhibitory period following the complex spike, referred to as the climbing fiber pause, was significantly longer in slices from the GFAP-IL-6 mice. The climbing fiber pause is thought to result from activation of Ca 2+ -activated potassium channels and an influence of synaptic input from cerebellar inhibitory interneurons. Studies of Purkinje neurons in culture noted above showed that chronic exposure to IL-6 enhances Ca 2+ signaling induced by excitatory transmitters and membrane depolarization (Nelson et al., 2004 (Nelson et al., , 2002 . These actions of IL-6, if they occurred in the GFAP-IL-6 cerebellum, could play a role in the prolongation of the climbing fiber pause. The effects of IL-6 on Purkinje neuron firing and synaptic response are likely to contribute to the ataxia characteristic of the GFAP-IL-6 mice (Campbell et al., 1993) . 6.2.5. Synaptic transmission in the GFAP-IL-6 hippocampus-Field potential recordings in vivo of synaptic transmission in the hippocampus of GFAP-IL-6 mice showed that the magnitude of excitatory synaptic transmission to dentate granule neurons evoked by stimulation of the perforant pathway was not altered in the homozygous GFAP-IL-6 mice compared to non-transgenic littermate controls. However, recurrent inhibition, which controls the excitability of the dentate granule neurons, was significantly increased in the GFAP-IL-6 mice compared with non-transgenic controls (Steffensen et al., 1994) . Pharmacological studies indicated that the increased recurrent inhibition to the dentate granule neurons in the GFAP-IL-6 mice resulted from a reduced inhibitory influence from the medial septum onto the perforant pathway (Steffensen et al., 1994) . Additional EEG recordings from the dentate gyrus showed that persistent paroxysmal discharges and reduced theta activity occurred in the GFAP-IL-6 hippocampus, but not in the non-transgenic hippocampus (Steffensen et al., 1994) .
Synaptic transmission to the hippocampal dentate granule cells elicited by perforant pathway stimulation was also studied using field potential recordings in acutely isolated hippocampal slices obtained from GFAP-IL-6 and non-transgenic control mice (Bellinger et al., 1995) . Consistent with the in vivo studies, excitatory synaptic transmission from the perforant pathway to dentate granule neurons was similar in the GFAP-IL-6 and non-transgenic hippocampal slices. There was also no difference in recurrent inhibition, a result that supports the proposal that the enhanced recurrent inhibition observed in the in vivo studies was due to effects of IL-6 on medial septal neurons, a part of the brain that is not present in the hippocampal slice preparation (Bellinger et al., 1995; Steffensen et al., 1994) .
In the in vivo and in vitro studies of hippocampus from homozygous GFAP-IL-6 mice described above, measurements were also made of synaptic transmission at the Schaffer collaterals to CA1 pyramidal neurons and found to be of similar in magnitude in the GFAP-IL-6 and non-transgenic hippocampus (Bellinger et al., 1995; Steffensen et al., 1994) . In contrast, in field potential recordings from hippocampal slices from heterozygous GFAP-IL-6 mice of the G167 line, which expresses a lower level of IL-6 in the CNS, excitatory synaptic transmission from the Schaffer collaterals to CA1 pyramidal neurons was increased in the GFAP-IL-6 hippocampus compared with the non-transgenic hippocampus, particularly at strong stimulus strengths (Nelson et al., 2012) . Recurrent inhibition to the CA1 neurons by way of the GABAergic basket cells was not prominent in these studies and did not differ for the GFAPIL-6 and non-transgenic hippocampus (Nelson et al., 2012) . The enhanced excitatory synaptic transmission in the CA1 pyramidal neurons may contribute to the increased susceptibility of GFAP-IL-6 mice to kainic acid-and NMDA-induced seizures (Samland et al., 2003) .
In a mouse model that over-expresses IL-6 in the CNS through the use of an adenoviral gene delivery approach (Ad-GFP-IL-6 mice), field potential recordings from hippocampal slices showed that recurrent inhibition to the CA1 pyramidal neurons elicited by Schaffer collateral stimulation was decreased in the Ad-GFP-IL-6 hippocampus compared to recurrent inhibition in hippocampal slices from control mice (Wei et al., 2012) . Immunostaining using antibodies to synaptic vesicle proteins in the CA1 region of hippocampus from Ad-GFP-IL-6 mice revealed increased excitatory synapses and decreased inhibitory synapses compared with control hippocampus, as evidenced by immunostaining for synaptophysin, a general marker for synapses, VGLUT1, a marker of excitatory synapses, and VGAT, a marker of inhibitory synapses (Wei et al., 2012) . The reduced immunostaining for inhibitory synapses is consistent with the reduced recurrent inhibition observed in field potential recordings of the Ad-GFP-IL-6 hippocampus (Wei et al., 2012) . Western blot studies of hippocampus of the GFAP-IL-6 mice (G167 line) did not show altered levels of synapsin I, VGLUT1, or VGAT compared with non-transgenic hippocampus (Nelson et al., 2012) , perhaps because IL-6 levels were lower than in the Ad-GFP-IL-6 hippocampus. The exact cell types expressing the elevated levels of IL-6 in the Ad-GFP-IL-6 hippocampus were not identified in this study (Wei et al., 2012) .
Summary
Taken together, the above studies involving a variety of experimental approaches and preparations demonstrate the ability of both acute and chronic IL-6 exposure to significantly affect the CNS. IL-6 actions were evident at multiple levels including protein expression, signal transduction, neuronal function, synaptic mechanisms and synaptic function. The effects of IL-6 varied for different neuronal types and CNS regions and implicate IL-6 as an important signaling molecule that could participate in a variety of physiological or pathological functions.
IL-6 and synaptic plasticity in the hippocampus
The hippocampal region of the brain plays a central role in memory and learning. It is generally accepted that memories formed in the hippocampus are encoded by changes in the strength of synaptic transmission, a process called synaptic plasticity (Lynch, 2004) . Information inherent in these synaptic changes is later reorganized and stored in other brain regions that are responsible for higher cognitive functions. For example, synaptic plasticity at the Schaffer collateral to CA1 pyramidal neuron synapse is thought to be critical for information processing and memory formation. CA1 neurons monosynaptically innervate neurons of the prefrontal cortex, a brain region responsible for higher cognitive functions (i.e., executive functions) that are often impaired in CNS disorders. Synaptic plasticity that involves a long-term increase in synaptic strength is referred to as long-term potentiation (LTP), whereas synaptic plasticity that involves a long-term decrease in synaptic strength is referred to as long-term depression (LTD). Both LTP and LTD are important memory mechanisms and have been associated with hippocampal-dependent behaviors (Eichenbaum, 2004; Ge et al., 2010; Shapiro, 2001; Smith and Squire, 2005) . In addition, a short-term (min) form of synaptic plasticity, post-tetanic potentiation (PTP), contributes to short-term memory mechanisms. PTP is a short-term increase in synaptic strength resulting from changes in transmitter release at presynaptic terminals. LTP and LTD primarily involve postsynaptic mechanisms, although presynaptic mechanisms can also contribute (Blitzer et al., 2005; Lauri et al., 2007; Massey and Bashir, 2007) .
Effects of acute exposure to IL-6 on synaptic plasticity in the hippocampus
Effects of IL-6 on synaptic plasticity were studied at the Schaffer collateral to CA1 pyramidal neuron synapse using field potential recordings in acutely isolated hippocampal slices and exogenous application of IL-6. Acute exposure to IL-6 (5-50 ng/ml) reduced both LTP and PTP at the Schaffer collateral to CA1 pyramidal neuron synapse in a dosedependent manner (Li et al., 1997; Tancredi et al., 2000) . Studies using pharmacological agents showed that the depression of LTP and PTP by IL-6was associated with alterations in the levels of the active form of signal transduction molecules used by IL-6R, indicating the involvement of IL-6R with the altered synaptic plasticity . Thus, the depression of LTP and PTPwas associated with a prolonged increase in the level of the activated form of STAT3 (pSTAT3) and a reduction in the level of the active form of p44/42 MAPK (pp44/42 MAPK). In addition, the effects of IL-6 on LTP and PTP were blocked by pharmacological inhibition of JAK2 . Increase activation of p44/42 MAPK is known to be essential for the induction of LTP (Sweatt, 2001) . Therefore, the reduced levels of pp44/42 MAPK is consistent with the reduced LTP produced by IL-6. However, the consequence of the increased levels of pSTAT3 was not investigated and remains to be elucidated.
Synaptic plasticity in the hippocampus of GFAP-IL-6 transgenic mice
Studies in acutely isolated hippocampal slices from GFAP-IL-6 (167 line) and nontransgenic littermates were carried out using field potential recordings to determine the neuroadaptive effects of prolonged exposure to IL-6 on LTP (Nelson et al., 2012) . No significant difference was observed in the magnitude of LTP at the Schaffer collateral to CA1 pyramidal neuron synapse between the GFAP-IL-6 and non-transgenic hippocampus in young (1-2 months of age) and adult mice (3-6 months of age). However, in hippocampus of young GFAP-IL-6 mice, PTP was significantly reduced compared to PTP in the hippocampus of non-transgenic young mice, an effect not observed in the adult mice (Nelson et al., 2012) . This reduction of PTP suggests neuroadaptive effects of IL-6 at presynaptic sites. LTP in dentate granule cells elicited by perforant pathway stimulation was also studied in acutely isolated hippocampal slices obtained from GFAP-IL-6 mice. However, in these studies, homozygous animals from the 16 line were used, which express higher levels of IL-6. Field potential recordings showed that LTP was significantly reduced at this synapse in the GFAP-IL-6 hippocampus compared with the non-transgenic hippocampus (Bellinger et al., 1995) . The difference in sensitivity of LTP to elevated levels of IL-6 between the Schaffer collateral to CA1 pyramidal neuron synapse vs. the perforant pathway to granule neuron synapse is likely due to differences in the levels of IL-6 expressed in the two lines of GFAP-IL-6 mice. However, differences in the type of LTP studied could also be a contributing factor.
IL-6 expression during hippocampal LTP
Although studies using exogenous application of IL-6 provided support for a role of IL-6 in LTP, studies that investigated IL-6 expression during LTP were instrumental in defining a regulatory role for IL-6 in LTP. Studies of LTP at the Schaffer collateral to CA1 pyramidal neuron synapse in hippocampus from normal animals in vivo and in vitro revealed that neuronal activity that induces hippocampal LTP results in increased levels of IL-6 in the hippocampus. Thus, when anesthetized animals implanted with electrodes in the hippocampus were subjected to Schaffer collateral stimulation using a protocol known to induce LTP, the level of IL-6 mRNA was significantly increased (approximately 20 fold) in the CA1 region by the Schaffer collateral stimulation (Jankowsky et al., 2000) . The expression of IL-6 mRNA was localized to astrocytes in the parenchyma near the stimulation site but not in neurons (Jankowsky et al., 2000) . Similar results were obtained in LTP experiments carried out in in vitro hippocampal slices. In these studies, LTP at the Schaffer collateral to CA1 pyramidal neuron synapse resulted in significantly increased levels of IL-6 mRNA by 1 h post stimulation (Balschun et al., 2004) . LTP induction at the perforant path to granule neuron synapse in freelymoving rats also resulted in Increased IL-6 mRNA expression in the hippocampus 8 h after the LTP induction protocol (Balschun et al., 2004) . The increase in IL-6 mRNA was observed only when successful LTP had been induced and was blocked by infusion of an NMDA receptor antagonist, which blocks LTP, prior to the LTP induction protocol (Balschun et al., 2004) . Additional experiments involving infusion of an IL-6 neutralizing antibody prior to the LTP induction protocol showed that blocking IL-6 enhanced the late phase of LTP (i.e., long-lasting LTP) (Balschun et al., 2004) . Infusion of an IL-6 neutralizing antibody also enhanced behavior in a hippocampus-dependent task (spatial alternation) shown to be associated with increased levels of IL-6 in the hippocampus (del Rey et al., 2013) . The increase of IL-6 in the behavioral task was about 2 fold compared with a 5-7 fold increase in LTP experiments. From these studies, the authors concluded that endogenous IL-6 induced in the hippocampus by neuronal activity plays a role in the maintenance phase of LTP (i.e., long-lasting LTP), where it acts as a negative regulator of LTP maintenance by limiting long-term storage of certain types of memory information. Negative regulation of memory mechanisms is essential for fine-tuning memory consolidation and resetting memory mechanisms so that new memories can be encoded. A negative role for IL-6 in memory formation was also supported by studies of IL-6 deficient mice (IL-6 KO), where a facilitatory effect of the IL-6 deficiency on learning and memory was observed (Baier et al., 2009 ).
IL-6 and LTD
While studies have shown that IL-6 can regulate LTP in the adult hippocampus, no studies have addressed potential actions of IL-6 on LTD. Effects of IL-6 on LTD is of interest because recent studies show that the JAK2/STAT3 signal transduction pathway, the signal transduction pathway used by IL-6 (Fig. 1) , plays an essential role in the induction of LTD at the Schaffer collateral to CA1 synapse in hippocampal slices from juvenile mice (13-18 days postnatal) (Nicolas et al., 2012) . These studies used field potential recordings and a combination of pharmacological, biochemical and genetic tools. They identified that: (a) the induction of LTD depended on Ca 2+ influx through NMDA receptors and activation of the JAK2/STAT3 pathway through phosphorylation of JAK2 and STAT3, (b) that the interaction took place at the synapses and did not involve gene expression, (c) that new protein synthesis was not required, and (d) that the JAK2/STAT3 pathway was not involved in baseline synaptic transmission. If IL-6 can engage this pathway, it would provide a novel mechanism for IL-6 regulation of CNS function.
Summary
Taken together, the above studies provide convincing evidence that IL-6 plays a role in homeostatic control of memory mechanisms, at least in the hippocampus. The studies also show that signal transduction molecules such as JAK2, STAT3, and p42/44 MAPK are important players in IL-6 regulation of memory mechanisms, but many details are still missing and need to be revealed before the role of IL-6 in memory and other cognitive functions will be fully understood.
Conclusions
Research has provided clear evidence that IL-6 is produced by cells of the CNS, that IL-6 is an important signaling molecule in the CNS, and that IL-6 is involved in a variety of activities, ranging from neuronal physiology, an issue addressed in this review, to neurodevelopment, neuroprotection and neurotoxicity (Gadient and Otten, 1997; Gruol and Nelson, 1997) . However, our understanding of roles of IL-6 in CNS physiology and pathology and the molecular mechanisms involved are still limited. Confounding this situation is the fact that typically multiple neuroimmune factors are produced under similar conditions and that other neuroimmune factors have neuronal actions, a complexity that challenges efforts to identify the functional role of individual factors, such as IL-6. Moreover, interaction between neuroimmune factors at the signal transduction level could render the downstream effects dependent on the complement of neuroimmune factors present, their concentrations and the cell types responding. Fortunately, recognition of the importance of neuroimmune aspects of CNS function is rapidly growing and the research base is expanding, changes that will likely lead to significant advances in the field and to the development of new therapeutic strategies for treating CNS disorders. Table 1 Levels of IL-6 in various CNS conditions.
condition Compartment IL-6 levels Reference
Control levels CSF 1-23 pg/ml (Maier et al., 2005) Controls CSF + 1.4 pg/ml (Sasayama et al., 2013) Schizophrenia CSF + 1.7 pg/ml
Major depressive disorders CSF + 1.7 pg/ml Controls (cerebellum) Brain * 138 ± 120 pg/μg (Vargas et al., 2005) Autism (cerebellum) Brain * 618 ± 222 pg/μg Control Brain * 9201 ± 107 pg/mg (Li et al., 2009) Autism spectrum disorders Brain * 2441 ± 267 pg/mg Control (median, IQR) CSFˆ0 .8, 0.6-1.1 pg/ml (Lindqvist et al., 2013) Non-demented Parkinson's disease CSFˆ0 .7, 0.5-1.1 pg/ml
Parkinson's disease with dementia CSFˆ1 .0, 0.7-1.1 pg/ml Traumatic brain injury(pediatric) CSF * 332 ± 48 pg/ml (Chiaretti et al., 2008) Traumatic brain injury Brain + 1931 pg/ml (Hillman et al., 2005) Traumatic brain injury CSF + 2349 pg/ml (Hillman et al., 2005) Control CSF * 1.8 ± 0.5 pg/ml (Peltola et al., 2000) Tonic-clonic seizures CSF * 22.0 ± 31.9 pg/ml Vascular dementia CSF * 5.67 ± 1.7 pg/ml (Wada-Isoe et al., 2004) Alzheimer's disease CSF * 2.53 ± 0.87 pg/ml Neurological disorders CSF * 3.15 ± 0.67 pg/ml Control CSF * 1.9 ± 0.09 pg/ml (Beridze et al., 2011) Ischemic stroke CSF * 58 ± 4.6 pg/ml * = mean ± SD; + = median; = median, interquartile range;
See also: (Alexander et al., 2007; Garcia-Esparcia et al., 2014; Hirohata and Miyamoto, 1990; Ichiyama et al., 2009; Lehtimaki et al., 2004; Silvestroni et al., 2009; Takahashi et al., 2014; Woodroofe et al., 1991; Wullschleger et al., 2013) .
